In this study, we examined the effects of inhibition of cyclin-dependent kinase (cdk) activity on viral replication. With the drug Roscovitine, a specific inhibitor of cyclin-dependent kinases 1, 2, 5, 7, and 9, we have shown that during the first 6 h of infection, cyclin-dependent kinase-dependent events occurred that included the regulated processing and accumulation of the immediate-early (IE) UL122-123 transcripts and UL36-37 transcripts. Altered processing of UL122-123 led to a loss of IE1-72 and an increase in IE2-86. The ratio of spliced to unspliced UL37 transcripts also changed. These effects did not require de novo protein synthesis or degradation of proteins by the proteasome. Addition of Roscovitine at the beginning of the infection was also associated with inhibition of expression of selected viral early gene products, viral DNA replication, and late viral gene expression. When Roscovitine was added after the first 6 h of infection, the effects on IE gene expression were no longer observed and viral replication proceeded through the late phase, but viral titers were reduced. The reduction in viral titer was observed even when Roscovitine was first added at 48 h postinfection, indicating that cyclin-dependent kinase activity is required at both IE and late times. Flavopiridol, another specific inhibitor of cyclin-dependent kinases, had similar effects on IE and early gene expression. These results underscore the importance of accurate RNA processing and reiterate the significant role of cell cycle-regulatory factors in HCMV infection.
Human cytomegalovirus (HCMV), a member of the family Herpesviridae, is the major viral cause of birth defects and is associated with significant morbidity in immunocompromised individuals (52) . Its genome is 230 kbp and has the capacity to encode approximately 150 open reading frames (19, 44) . HCMV cell entry, gene expression, replication, and virion maturation are multilayered processes that require many viral as well as cellular factors during a productive infection. There are three major phases of viral gene expression. Viral immediateearly (IE) genes are the first to be expressed in an infected cell, and their transcription requires no de novo protein synthesis. A major site of IE transcription includes two genetic units, IE1 and IE2 (for review, see references 27 and 44) (Fig. 1B) . The predominant IE RNA (IE1) consists of four exons; a single open reading frame (UL123) initiates in exon 2 and specifies a 72-kDa nuclear protein designated IE1-72. The major IE2 gene product, IE2-86 (open reading frame UL122), is an 86-kDa protein that is encoded by an alternatively spliced RNA that contains the first three exons of IE1 and a different terminal exon.
IE1-72 and IE2-86 are essential transactivators of both early and late viral gene expression. Included in the early class are genes that are important for viral DNA replication. Some examples are the UL112-113 nuclear phosphoproteins, the viral polymerase (UL54), a DNA polymerase processivity factor (UL44), and the single-stranded-DNA-binding protein (UL57) (2, 3, 29, 35, 37) . Late gene expression occurs after the initiation of viral DNA synthesis at approximately 24 h postinfection (p.i.), and these late genes encode primarily the structural components of the virion. Tegument proteins such as pp28 (UL99) and pp65 (UL83) as well as components of the capsid are products of the late genes (for review, see reference 44) .
A second locus of IE transcription is UL36-38. This region includes three promoters and gives rise to at least five transcripts (Fig. 1C) . One of the IE promoters directs the synthesis of several spliced 3.2-to 3.4-kb RNAs (UL37 and UL37 M ) that are present in small amounts only at IE times. It also is the promoter for an abundant 1.7-kb unspliced RNA that encodes the UL37 exon 1 (UL37X1) gene product, which is present throughout the infection. The cleavage-polyadenylation site for the UL37X1 RNA is located 8 nucleotides upstream of the splice acceptor site for exon 2 of the UL37 and UL37 M RNAs. The second IE promoter is responsible for the synthesis of a 1.65-kb spliced RNA (UL36) that increases in abundance at early times and is 3Ј coterminal with the UL37 spliced RNAs (36, 66, 67) . In addition, another promoter within UL37X1 directs the synthesis of an abundant early transcript of 1.35 kb (UL38) that is 3Ј coterminal with the UL37X1 RNA. The start site of the UL38 transcript is 70 nucleotides downstream of the splice donor site for the UL37 and UL37 M RNAs (66, 67) .
The UL37X1, UL37, and UL36 proteins have regulatory activity, and the locus encoding these proteins is required for HCMV DNA replication in a transient complementation assay (17, 30, 50, 51, 62, 74) . In addition, the UL37X1 protein and the UL37 and UL37 M glycoproteins have a common amino terminus of 162 amino acids. Within this common domain are a hydrophobic signal sequence (amino acids 1 to 22) and an acidic domain (amino acids 81 to 108). The UL37 glycoprotein also has 17 N-glycosylation sites, a basic domain, a transmembrane region, and a cytosolic tail. UL37X1 encodes an antiapoptotic protein (viral mitochondrion-localized inhibitor of apoptosis) that prevents release of cytochrome c from the mitochondria (16, 28, 41) .
In addition to the viral proteins, many cellular proteins play an important role in the replication of HCMV. Some of these proteins also play pivotal roles in the regulation of the cell cycle. The cell cycle includes four phases (G 1 , S, G 2 , and M), and both entry into and exit from these phases are largely controlled by regulating the activity of the cyclin-dependent kinases (cdks) and expression of their cyclin partners (for review, see references 23 and 54) . Multiple studies have addressed the effect of HCMV infection on the expression of these cyclins and the progression of the cell cycle (6-12, 14, 15, 21, 25, 26, 31, 33, 34, 38, 40, 42, 45-47, 49, 59, 69-71) . The general picture that emerges from these studies is that HCMV activates or induces the expression of many host cell proteins to create a cellular environment that is optimal for gene expression and DNA replication; however, the virus inhibits selective host cell functions to ensure that its own replication is favored over that of the host. The net effect is that the cell cycle is blocked prior to the initiation of cellular DNA synthesis.
In this study, we used the drugs Roscovitine and Flavopiridol to assess the role of cyclin-dependent kinases in HCMV infection. Roscovitine is a purine-derived compound that specifically inhibits the activity of cdk1/cyclin B, cdk2/cyclin E, cdk2/ cyclin A, cdk5/p25 (expressed in neural cells), cdk7/cyclin H, and cdk9/cyclin T1 (P-TEFb) with a 50% inhibitory concentration (IC 50 ) of approximately 0.7 M in in vitro kinase assays; cdk4/cyclin D and cdk6/cyclin D are not inhibited (20, 22, 43, 61, 68) . Flavopiridol, a flavanoid, is another specific inhibitor of cyclin-dependent kinases that acts as a competitor with ATP to inhibit cdk1/cyclin B (IC 50 ϭ 30 to 40 nM in in vitro kinase assays), cdk2/cyclin A and cdk2/cyclin E (IC 50 ϭ 100 nM), cdk4/cyclin D (IC 50 ϭ 20 to 40 nM), cdk6/cyclin D (IC 50 ϭ 60 nM), and cdk7/cyclin H (IC 50 ϭ 110 to 300 nM). It is also a potent inhibitor of P-TEFb that binds to P-TEFb with 1:1 stoichiometry and is not competitive with ATP (for review, see reference 18).
Both of these drugs are being used in clinical trials as potential anticancer agents and appear to have low toxicity. The inhibition of the replication of the herpesviruses herpes simplex virus type 1, herpes simplex virus type 2, Epstein-Barr virus, varicella-zoster virus, and HCMV as well as human immunodeficiency virus type 1 by Roscovitine has led to the proposal that productive infection by these viruses requires the activity of one or more cyclin-dependent kinases (for review, see reference 60). Flavopiridol also inhibits human immunodeficiency virus type 1 replication primarily through its effect on P-TEFb (IC 50 Ͻ 10 nM).
In a prior study on HCMV, Roscovitine was found to inhibit viral DNA synthesis in density-arrested human lung fibroblasts and in a transformed astrocytoma/glioblastoma cell line (U373) (9) . The authors concluded from the results of transient expression assays with a dominant negative cdk2 expression vector in infected U373 cells that this cyclin-dependent kinase was required for late gene expression; however, the low percentage of cells transfected with the vector (Ͻ5%) coupled with the inability to infect more than 30% of the cells complicated the interpretation of these experiments.
In this work, we sought to determine whether the requirement for cyclin-dependent kinase activity was restricted to the early period of infection and to decipher what molecular processes were affected by the absence of these kinases. We have shown that the addition of Roscovitine at the beginning of the infection resulted in altered processing and accumulation of UL122-123 and UL37 transcripts and inhibition of the expression of selected viral early genes. These effects did not require de novo protein synthesis or degradation of proteins via the proteasome. Delaying the addition of Roscovitine until 6 h p.i. Northern blot analysis. Total RNA was isolated at 24 h p.i. with the RNAqueous midikit (Ambion). RNA samples (10 g of each sample) were separated by electrophoresis on a 1% agarose-formaldehyde gel and transferred to 0.45-m Nytran (Osmonics) as previously described (4) . Following cross-linking in a Stratalinker (Stratagene), the blot was probed for the UL44 viral transcripts according to standard protocols with the 183-bp EcoRI fragment of the UL44 gene (a gift from Greg Pari, University of Nevada) that was radiolabeled with 32 P by random priming. The blot was then exposed to autoradiograph film. Band intensity was quantified by measuring integrated pixel densities as determined with NIH Image and Photoshop 7.0 software.
Quantitative real-time PCR. Cells (10 7 per sample) were infected with the Towne virus at an MOI of 5, and 15 M Roscovitine or dimethyl sulfoxide alone was added to the medium at designated times p.i. The cells were harvested at various times p.i., and total RNA was isolated from the harvested cells with a NucleoSpin RNA II purification kit (BD Biosciences Clontech, Palo Alto, Calif.). The concentration of each sample was determined by UV spectrophotometry. Quantitative real-time reverse transcription-PCR was performed in an Applied Biosystems ABI Prism 7700 sequence detection system or in an Applied Biosystems ABI Prism 7000 sequence detection system with the TaqMan One-Step reverse transcription-PCR master mix reagents kit (Applied Biosystems) and oligonucleotide primers and TaqMan dual-labeled (5Ј fluorescein (FAM) 3Ј Black hole quencher) probes (Integrated DNA Technologies, Coralville, Iowa) (see Table 1 for sequences).
Primers and probes for RNAs expressing UL37, IE1-72, IE2-86, and glucose-6-phosphate dehydrogenase have been previously described (64, 72) and spanned the splice junction when applicable. The primers and probes were added to reagents from the TaqMan One-Step reverse transcription-PCR master mix reagents kit (Applied Biosystems) and then mixed with 50 ng of each total RNA sample. The RNA isolated at 8 h p.i. from the untreated infected cells was used to generate a standard curve for each gene examined. The standard curve was then used to calculate the relative amount of specific RNA present in a sample, from which the induction of transcription of the gene was calculated by comparison to the value obtained for the specific RNA from untreated infected cells that were harvested at 8 h p.i. As an additional control for the amount of RNA in each reaction, samples were analyzed with primers and a TaqMan probe specific to the cellular housekeeping gene glucose-6-phosphate dehydrogenase. 
RESULTS
Inhibition of cyclin-dependent kinase activity results in a decrease in virus titers. Previous studies (9) showed that HCMV replication is inhibited during the early phase when the drug Roscovitine is added at the beginning of the infection. In these experiments, human embryonic lung cells and the astrocytoma-glioblastoma U373 cell line were used, and the cells were density arrested at the time of infection. No cell toxicity was observed in uninfected human embryonic lung cells that were maintained in the presence of 15 M Roscovitine for 96 h. In another study (75) , confluent human embryonic lung cells that were treated with 33 M Roscovitine for 5 days showed a 50% reduction in viability as assayed by neutral red uptake. In our experiments on the dysregulation of the cell cycle by HCMV, we used primary human foreskin fibroblasts (HFF) that are synchronized in G 0 phase by allowing them to grow for 3 days past confluence. Just prior to infection, the cells are trypsinized and replated at lower density to allow them to enter G 1 phase. Since toxicity depends on the cell type and the conditions of growth, we tested the effects of various concentrations of Roscovitine on the viability of the uninfected cells and on viral titer under our experimental conditions.
To assess the cytotoxicity of Roscovitine on mock-and virusinfected HFF cells, we observed the cells for changes in morphology and tested them for viability with the LIVE/DEAD viability/cytotoxicity assay kit (Molecular Probes). Cells were plated on coverslips at a density of 50% confluency and infected with HCMV Towne or mock infected with tissue culture supernatant. At the time of infection, HCMV-and mockinfected cultures were treated with 5, 15, 25, or 50 M Roscovitine or dimethyl sulfoxide, and cell viability was assayed at 24, 48, 72, 96, 120, and 144 h p.i. In the LIVE/DEAD viability/ cytotoxicity assay, calcein dye retained by live cells was observed as green fluorescence, while EthD-1 staining in dead cells was observed as red fluorescence.
During the entire time course, there was no detectable cytotoxicity in mock-infected cultures treated with 5, 15, or 25 M Roscovitine (Ͻ0.1% red cells), although the cultures treated with 15 or 25 M Roscovitine took longer to reach confluence (data not shown). When treated with 50 M Roscovitine, the mock-infected cells began to show morphological changes at 72 h postplating, and an increased number of cells exhibited red fluorescence (Ϸ1%). This was an underestimate, as the cell density decreased by 50% during the 72 h of incubation, and most of the dead cells were likely removed during the wash steps of the assay. As expected, in the mockinfected culture treated with ice-cold methanol for 10 min prior to the assay, all of the cells were dead and showed bright red fluorescence (data not shown).
We then determined the effects of these increasing concentrations of Roscovitine on the infected cells and viral titers when the drug was added at the time of infection. As shown in Fig. 2 , we observed a dose-dependent response in viral titers. The peak titer at day 6 for untreated cultures was 3.8 ϫ 10 In the experiments presented here, we used Roscovitine at a concentration of 15 M, which did not completely inhibit infection. To determine whether the requirement for the cyclindependent kinases in a productive infection was time dependent, we investigated the production of infectious virus when Roscovitine was added at various times during the infection. In the experiment shown in Fig. 3 , the titer of wild-type HCMV (Towne) in the absence of Roscovitine at day 6 p.i. was 1.1 ϫ 10 6 PFU/ml. The addition of 15 M Roscovitine at the time of infection resulted in a 20-fold reduction in virus production. A similar decrease in viral titer occurred when the drug was added at 12 h p.i. Even when the drug was added at 24 h p.i.
(after the onset of viral DNA replication) or at 48 h p.i. (when viral assembly is occurring), virus titers were still reduced by approximately fivefold. In other experiments, a higher level of inhibition was seen at all time points, but the relative difference in inhibition when the drug was added at early and late times was similar. These results suggest that the requirement for cyclin-dependent kinase activity is not restricted to the early phase of the infection.
Inhibition of cyclin-dependent kinase activity abolishes viral DNA replication. To further define the temporal kinetics of the requirement for cyclin-dependent kinase activity during infection and to determine if the inhibition of virus production when Roscovitine was added at early times was due to a lack of viral DNA replication, the following experiment was performed. Cells were infected with HCMV, and at defined times p.i., 15 M Roscovitine was added to the culture medium. DNA was isolated and subjected to slot blot analysis as described in Materials and Methods. In the absence of Roscovitine, viral DNA replication proceeded normally (Fig. 4) . Roscovitine was added at the time of infection, however, there was no increase in the level of viral DNA during the same 48-h interval. Surprisingly, this defect was not observed when the drug was added at 6 h p.i., which marks the transition from IE to early gene expression. Although there was a lag in viral DNA replication, at 72 h p.i. the level of viral DNA was only threefold lower than that in the untreated cells at the same time point. These results suggested that the viral DNA polymerase was not directly inhibited by the drug and that viral DNA replication requires cyclin-dependent kinase-dependent events that occur at very early times in the infection, prior to the initiation of DNA synthesis. Steady-state levels of several viral proteins are altered when infected cells are treated with Roscovitine. The life cycle of HCMV is temporally regulated, and each step in the life cycle requires the products of the previous step before it can proceed. For example, early gene expression cannot occur without IE gene expression, and viral DNA replication cannot occur without viral early gene expression. The effects of Roscovitine on viral DNA replication may be direct or may occur through an indirect mechanism, such as alteration of viral IE or early gene expression. To investigate these possibilities, we examined the steady-state levels of a number of viral gene products in the presence of Roscovitine.
Figures 5A and B show that when 15 M Roscovitine was added at the time of infection, there was a decrease in the amount of IE1-72, while IE2-86 levels increased. At 24 h p.i., the level of IE1-72 protein in untreated cells was approximately two-to threefold higher than in cells treated with the drug. At this time point, there was an increase of approximately 1.5-fold in IE2-86 levels in cells treated with Roscovitine. Coincident with the alterations in viral IE gene expression, viral early gene expression was also affected by the addition of 15 M Roscovitine. The differential effects on the expression of three genes that play a role in viral DNA replication are shown. The levels of the two major early proteins (43 and 50 kDa) encoded by the UL112-113 locus were only modestly affected by the presence of Roscovitine (Fig. 5A) . A greater inhibitory effect was seen on the expression of UL44, the processivity factor for the viral polymerase ( Fig. 5A and B) . At 24 and 48 h p.i., the levels of UL44 were at least twofold higher in lysates from untreated samples than from Roscovitine-treated cells.
The most striking effect of Roscovitine, however, was the almost complete absence of UL57, the major single-stranded-DNA-binding protein ( Fig. 5A and B) . Since viral early gene products are required for viral DNA replication and viral DNA replication is required for viral late gene expression, it was not surprising that the drug also inhibited the synthesis of late proteins. Representative examples of the effect of Roscovitine on the viral tegument protein pp28 (UL99) and on the major capsid protein (UL86) are shown in Figs. 5A. Figure 5A also shows the inhibitory effect on expression of the late proteins (84 and 34 kDa) encoded by the UL112-113 gene.
Delaying addition of Roscovitine until 6 h p.i. abolishes its effects on the steady-state levels of viral proteins. Because the DNA slot blot experiment suggested that there was a window of time within which cyclin-dependent kinase activity was required for viral DNA replication, we asked if this was also true for the effects of Roscovitine on the levels of viral gene products. In the experiment shown in Fig. 6 , cells were infected in the absence of Roscovitine or the drug was added at the beginning of the infection or at 6 or 12 h p.i. The infected cells were then harvested at 24 h p.i. In contrast to what was observed when the drug was added at the time of infection, addition of Roscovitine at 6 or 12 h p.i. did not affect the accumulation of IE1-72. The levels of both UL44 and UL57 were partially restored to the levels in the untreated cells by delaying addition of the drug to 6 h p.i. and completely restored by delaying addition of the drug to 12 h p.i.
To more precisely determine the time interval at the beginning of the infection during which addition of Roscovitine affects IE1-72-IE2-86 protein expression, we repeated the experiment by adding the drug at 30-min intervals p.i. Roscovitine was added to the infected cells at 30-min intervals up to 4 h p.i., at 5 h p.i., and at 6 h p.i. All cells were harvested at 24 h p.i. and analyzed by Western blot for IE protein expression. Figure 7 shows that delaying the addition of Roscovitine up to 3.5 h p.i. had a negligible effect IE protein levels. After 3.5 h p.i., the drug had a smaller effect on the accumulation of IE1-72, and the level of IE1-72 was comparable to that in the untreated infected cells. Although the amount of IE2-86 decreased when Roscovitine was added after 4 h p.i., the level still remained slightly higher than that in the untreated cells.
Transcription of viral genes is altered by Roscovitine treatment. In order to determine if Roscovitine treatment was affecting viral gene expression at the level of RNA transcription, we measured the amounts of selected viral transcripts by quantitative real-time PCR and by Northern blot analysis. For quantitative real-time PCR, cells were infected with virus either in the presence of Roscovitine or in medium alone, and total RNA was isolated at 8, 16, and 24 h p.i. and quantified with primers and probes specific for IE1-72, IE2-86, and glucose-6-phosphate dehydrogenase (Table 1) . Differential splicing of the UL122-123 transcript gives rise to two major transcripts, a 1.9-kb transcript that encodes IE1-72 and a 2.25-kb transcript that encodes IE2-86 (Fig. 1B) (for review, see reference 27). Since IE1-72 and IE2-86 share the first three exons and differ in their terminal exon, the probes for IE1-72 and IE2-86 spanned the splice junction of exons 3 and 4 and exons 3 and 5, respectively. Glucose-6-phosphate dehydrogenase, whose RNA levels do not change during the infection, was included as a control.
The reverse transcription-PCR results for IE1-72 and IE2-86 ( Fig. 8A and B) are consistent with the previous Western analysis of IE protein levels. Addition of Roscovitine at the time of infection led to a reduction in IE1-72 mRNA levels and an increase in the levels of IE2-86 mRNA. This was particularly evident at the 8-h time point.
We also analyzed the amount of unspliced early UL44 mRNA with Northern blot analysis. In this case, cells were treated with 15 M Roscovitine at the time of infection, and total RNA was harvested at 24 h p.i. Following electrophoresis and transfer to Nytran, the blot was probed with a radiolabeled DNA fragment specific for UL44 (Fig. 8C) . As a control for Roscovitine affects the differential processing and accumulation of the IE UL37 RNAs. The major UL37 IE promoter directs the synthesis of several spliced 3.2-to 3.4-kb RNAs (UL37 and UL37 M ) that are present in small amounts only at IE times. It is also the promoter for an abundant 1.7-kb unspliced RNA (UL37X1) that is present throughout the infection (see Fig. 1C ). Examination of the relative position of the sequences used for processing the HCMV unspliced and spliced UL37 IE RNAs (64) revealed a striking similarity to the region between UL123 exon 4 and UL122 exon 5 that is used for the alternative cleavage-polyadenylation and splicing that generates the IE1-72 and IE2-86 RNAs (Fig. 9A) . The cleavage-polyadenylation site for the IE1-72 transcript (a binding site for the cleavage factors CFI and CFII) lies just upstream (33 nucleotides) of the splice acceptor site for the terminal exon of IE2. It also lies within a consensus mammalian splice branch point (UACUAAG).
Preceding the splice acceptor site is a U-rich sequence within a polypyrimidine tract that could be used for the binding of the polyadenylation factor CstF, the polypyrimidine tract binding protein (a suppressor of splicing), or the essential U2AF-65 splicing factor. Likewise, the cleavage-polyadenylation site for the UL37X1 RNA is just 8 nucleotides upstream of the splice acceptor site for exon 2 of the UL37 and UL37 M RNAs, and several U-rich sequences within a polypyrimidine tract overlap both sites. The polyadenylation signal (AAUAAA) for UL37X1 also overlaps the putative splice branch point for the spliced UL37 RNAs. For both IE regions, the cleavage-polyadenylation site is preferentially used at IE times to generate either IE1-72 or UL37X1 RNA. Since treatment with Roscovitine affected the processing and accumulation of IE1-72 RNA, we were interested in determining whether a similar effect would be observed for the UL37X1 RNA.
Samples of RNA used for the quantitative real-time PCR analysis shown in Fig. 8 were assayed with primers and probes specific for the unspliced UL37X1 and the spliced UL37 mRNAs (Table 1 ). Figure 9 shows that addition of Roscovitine decreased the mRNA levels of the unspliced UL37X1 transcript (Fig. 9B) and at the same time increased the amount of spliced UL37 mRNA (Fig. 9C) . Thus, Roscovitine had the same effect on the processing and accumulation of the UL37 RNA as it did on the UL122-123 RNA. . Glucose-6-phosphate dehydrogenase (G6PD) was used as an internal control, and the values for IE1-72 and IE2-86 were normalized to that of glucose-6-phosphate dehydrogenase for each sample. The sequences for the primers and probes used are in Table 1 . The RNA isolated at 8 h p.i. from the infected cells in the absence of drug was used to generate a standard curve for each gene examined. The standard curve was then used to calculate the relative amount of specific RNA present in a sample, from which the induction of transcription of ence of cycloheximide, Roscovitine, cycloheximide plus Roscovitine, or medium alone (Fig. 10) . In the presence of cycloheximide, no host or viral proteins are synthesized, and therefore only the IE RNAs are transcribed. At 6 h p.i., the cycloheximide was removed so that protein synthesis could resume. Cells that were infected in the presence of cycloheximide alone (Fig. 10, lanes 3 and 6) were refed with medium alone (Fig. 10,  lane 3) or medium plus actinomycin D to inhibit further transcription of IE and early RNAs (Fig. 10, lane 6) . Cells that had been infected in the presence of Roscovitine alone (Fig. 10,  lanes 2 and 7) or Roscovitine plus cycloheximide (Fig. 10 , lanes 5 and 8) were refed with medium containing Roscovitine (Fig.   10 , lanes 2 and 5) or with Roscovitine plus actinomycin D (Fig.  10, lanes 7 and 8) . As a control, cells that were infected in the absence of both cycloheximide and Roscovitine (Fig. 10, lanes  1 and 4) were refed with medium alone (Fig. 10, lane 1) or with medium plus actinomycin D (Fig. 10, lane 4) . All cells were harvested at 18 h p.i. and analyzed by Western blot for the expression of the IE1-72 and IE2-86 proteins.
In all of the samples where Roscovitine was added, its effect on the relative amounts of IE1-72 and IE2-86 was observed regardless of the presence of cycloheximide (compare Fig. 10 , lanes 2 and 5 and lanes 7 and 8). As expected, the overall level of the IE proteins was higher in cells treated with cyclohexi- FIG. 9 . Quantitative real-time PCR analysis of the effect of Roscovitine on the levels of the UL37 IE RNAs. (A) Sequences used for alternative cleavage-polyadenylation and splicing to generate the UL37 RNAs and IE1/IE2 RNAs. The cleavage-polyadenylation site of the UL37X1 and IE1-72 RNAs and binding site for the cleavage factors CFI and CFII are indicated by a vertical arrow. Poly A, AAUAAA signal that binds the cleavage and polyadenylation specificity factor (CPSF) complex; U/GU, U/GU-rich sequence that serves as the binding site for the 64-kDa subunit of the polyadenylation cleavage stimulatory factor (CstF) complex; BP, splice branch point; PPY, polypyrimidine tract that lies upstream of the splice acceptor (SA) site for UL37 exon 2 and IE2-86 exon 5. PPY serves as the binding site for the essential U2AF-65 splicing factor. (B and C) The same RNA samples that were used in the analysis shown in Fig. 8 were also analyzed by quantitative real-time PCR for the mRNA transcripts for the IE gene UL37X1 (B) and the spliced UL37 RNA (C). Glucose-6-phosphate dehydrogenase (G6PD) was used as an internal control, and the values for UL37X1 and UL37 were normalized to that of glucose-6-phosphate dehydrogenase for each sample. The lighter bars represent samples without the addition of Roscovitine, and the darker bars represent those samples with Roscovitine added at the time of infection. The values are based on RNA isolated from two different experiments, and the range is shown.
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mide from 0 to 6 h p.i. and lower in cells that were maintained in actinomycin D from 6 to 18 h p.i. These results suggest that the effect of Roscovitine on the transcriptional processing of the IE transcripts does not require de novo protein synthesis and that Roscovitine is most likely affecting existing cellular factors or input viral proteins. Effects of Roscovitine on IE gene expression are proteasome independent. An alternative explanation for the altered transcriptional processing was that Roscovitine affected the ubiquitin proteasome degradation pathway such that a positive factor for the processing of the IE1-72 RNA was rapidly degraded. If this were the case, then inhibiting the proteasome to prevent protein degradation should allow IE1-72 protein levels to be restored. To test this hypothesis, we infected cells in the presence of Roscovitine alone, MG132 alone (a proteasome inhibitor), Roscovitine plus MG132, or medium. The cells were harvested at 8, 16, and 24 h p.i. and analyzed by Western blot for IE1-72 and IE2-86 gene expression. Figure 11 shows that inhibition of the proteasome did not have an effect on the levels of the IE proteins in the absence of Roscovitine and did not alter the Roscovitine-mediated change in the relative amounts of IE1-72 and IE2-86. Based on these results, we conclude that Roscovitine is not causing the rapid proteasomemediated turnover of a factor needed for IE1-72 gene expression.
Flavopiridol and Roscovitine have similar effects on HCMV IE and early gene expression. Although Roscovitine is a highly specific inhibitor of cyclin-dependent kinase activity, we sought additional evidence that cyclin-dependent kinases were required at early times in the infection. Flavopiridol is another cyclin-dependent kinase inhibitor that differs significantly from the purine-based drug Roscovitine. It is a potent inhibitor of cdk9/cyclin T (P-TEFb) and also inhibits the activity of cdk1, cdk2, cdk4, cdk6, and cdk7. We tested the effect of two different concentrations of Flavopiridol (25 and 50 nM) that show no cytotoxicity in uninfected cells (data not shown). Cells were infected in the presence of 25 or 50 nM Flavopiridol or medium alone. At 8 h p.i., 25 or 50 nM Flavopiridol was added to some of the cultures that were infected in the presence of medium alone (Fig. 12) . The cells were harvested at 12 and 24 h p.i. and analyzed by Western blot for IE1-72 and IE2-86 gene expression. The cells harvested at 24 h p.i. were also analyzed for the expression of UL57 and UL44. Figure 12 shows that 50 nM Flavopiridol and Roscovitine had similar effects on the relative amounts of IE1-72 and IE2-86. The inhibitory effects on the expression of UL57 and UL44 were also comparable. At 25 nM Flavopiridol, only partial effects were seen. Analogous to what was observed with Roscovitine, delaying the addition of Flavopiridol to 8 h p.i. eliminated the effects of the drug on the expression of these proteins. Thus, two different inhibitors of cyclin-dependent kinases had similar effects on viral IE and early gene expression. 
DISCUSSION
The drug Roscovitine is a purine analogue that inhibits cyclin-dependent kinase activity by binding to the active site of the enzyme. It is an effective and specific inhibitor of cyclindependent kinases 1, 2, 5, 7, and 9 at very low concentrations (20, 22, 43, 61, 68) . In our experiments, uninfected cells treated with up to 25 M Roscovitine for 6 days showed no cytotoxicity. For this study, data are presented from experiments in which the cells were treated with 15 M Roscovitine. Previously, Evers et al. (24) reported that in an HCMV plaque reduction assay, the inhibition of plaque formation in human foreskin fibroblasts showed a steep dose-response curve to Roscovitine. In their experiments, they saw no reduction in the number of plaques at concentrations of up to 20 M and complete inhibition at a concentration of 50 M or higher. This likely explains the variability that we observed at a concentration of 15 M (20-to 100-fold reduction in viral titer), as we also noted that when the concentration was increased from 15 to 25 M, there was a large decrease in viral titer.
In accord with those of others (9, 24) , our experiments showed that addition of Roscovitine to the medium at the beginning of the infection significantly reduced HCMV titers. Viral DNA replication was also inhibited; however, both of these phenomena could have been due to the lack of viral gene expression. Given that HCMV infection proceeds in a temporal fashion, where one event is required before the next can occur, the loss of viral gene expression would lead to the loss of replication and in turn the loss of virus production.
When Roscovitine was added at the beginning of the infection, the amount of the IE1-72 protein decreased, while the levels of IE2-86 increased. Because IE1-72 is a known transactivator of early gene expression, it was not surprising that the levels of some early gene products (UL44 and UL57) were also reduced. Along similar lines, because UL44 and UL57 are required for HCMV replication (51), it followed that viral DNA replication would also be affected. With immunofluorescence analysis, we noted that replication centers formed but never grew and coalesced in the presence of Roscovitine (data not shown). Morphologically, the replication centers in Roscovitine-treated cells at late times of infection were similar in appearance to the replication centers that are seen very early in untreated cells.
Importantly, it is unlikely that the effects of Roscovitine are due entirely to decreased levels of IE1-72, as it has been shown that an IE1-72 deletion mutant can replicate efficiently at a high MOI. Since all of the experiments reported in this paper were conducted at a high MOI, it is almost certain that other events are occurring early during the infection that are cyclindependent kinase dependent. Most of these events likely occur prior to 6 h p.i., because a 6-h delay in the addition of Roscovitine to the infected cells allowed viral gene expression to progress normally to the late phase, although viral titers were still affected. These results suggest that although cyclin-dependent kinase activity is not directly required for viral DNA replication, it is required at later times, possibly for virion assembly.
The early effect on IE1-72 and IE2-86 gene expression appears to be at the level of processing of the RNA. During the first 24 h of the normal infection, IE1-72 RNA accumulates to a higher level than IE2-86 RNA. As time progresses, more IE2-86 transcripts accumulate and there is a slight increase in IE1-72 transcripts. However, when Roscovitine was present during the first 24 h of the infection, the ratio of IE1-72 RNA to IE2-86 RNA was reversed; there was a decrease in IE1-72 RNA and an increase in the level of the IE2-86 transcript. The most likely explanation for these data is that the differential splicing of the UL122-123 transcript was altered by Roscovitine treatment, but we cannot exclude the possibility that there was a change in the relative stability of the RNAs. Treatment with the drug appeared to affect the differential splicing and polyadenylation of the IE UL37 RNAs in a similar way.
We hypothesize that for both the UL122-123 and UL37 transcripts, Roscovitine and Flavopiridol treatment leads to suppression of the first cleavage-polyadenylation site and enhanced utilization of the adjacent downstream 3Ј splice acceptor site. Relevant to this are the recent studies of Su et al. (64) . Although their experiments used mutant target minigenes and transient transfection assays in uninfected cells, the results indicated that the cis polyadenylation and 3Ј splice acceptor sites for the UL37 RNAs caused steric hindrance on the precursor mRNA for the alternative processes of polyadenylation and splicing, with polyadenylation of UL37X1 being dominant. In the case of the UL122-123 transcripts, the polyadenylation site generating the IE1-72 RNA is also juxtaposed to the 3Ј splice acceptor site that is used to produce the IE2-86 RNA. In this case, the U-rich polypyrimidine sequence upstream of the 3Ј splice acceptor could provide a binding site for the cleavagepolyadenylation complex CstF, the splicing suppressor polypyrimidine tract binding protein, or the essential U2AF-65 splicing factor (Fig. 9) .
Likewise, the sequence where the cleavage occurs at the 3Ј end of the IE1-72 RNA could be used for the binding of the cleavage factors CFI/II. However, this sequence also lies within the sequence UACUAAG, which matches the mammalian splicing branch point consensus sequence (YNYURAY) except for the last position, which can be changed without a significant decrease in activity (53) , and thus it could serve as the site for the binding of SF1 and U2 splicing factors. Su et al. additionally reported that during HCMV infection, there was a transient increase in CstF64, the splicing suppressor polypyrimidine tract binding protein, and the hypophosphorylated form of the splicing factor SF2 at 4 h p.i. We also examined the expression of these factors but did not detect these changes during the first 8 h p.i. even when the infected cells were analyzed every hour (data not shown). Their expression was also not affected by treatment of the cells with Roscovitine. The reason for the discrepancy is not clear but may be due to the use of different strains of HCMV (AD169 in the studies of Su et al. versus Towne in our studies) or the state of the fibroblasts (unsynchronized versus synchronized).
There is a large body of evidence showing that the processes of mRNA capping, splicing, and cleavage-polyadenylation occur cotranscriptionally and are highly interdependent. Given the proximity of the polyadenylation site and the splice acceptor site, it seems likely that there is competition for sites on the RNA that may be required for both processes. Since numerous factors are involved in both splicing and cleavage-polyadenylation, a change in the abundance, activity, or localization of any of the factors could alter the balance. The phosphorylation VOL. 78, 2004 HCMV REQUIRES CDK ACTIVITY 11229
on January 8, 2018 by guest http://jvi.asm.org/ state of many of the factors involved in both processes determines their activity, and therefore the cyclin-dependent kinases may play a direct or indirect role in their phosphorylation. Because multiple negative and positive splicing factors are differentially phosphorylated, it is difficult to predict whether inhibition of the cyclin-dependent kinases results in suppression of the cleavage-polyadenylation of IE1-72 and UL37X1 by the loss of activity of a positive factor or gain of activity of a negative factor. It remains to be seen which cyclindependent kinase might be the important one for the differential processing of the UL122-123 and UL37 transcripts and which specific proteins are important for this level of regulation of viral gene expression. Based on the results of the experiments with cycloheximide and MG132, it appears that the effects of Roscovitine on the IE RNAs do not require de novo protein synthesis or proteasome-mediated degradation of proteins. It is also possible that the effects of Roscovitine and Flavopiridol are related to the phosphorylation of the C-terminal domain of the large subunit of RNA polymerase II. There is increasing evidence that the C-terminal domain, which in human cells consists of 52 repeats of the consensus heptapeptide sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser, plays a central regulatory role in all steps of transcription by serving as the binding domain and transporter of factors involved in RNA initiation, elongation, 5Ј capping, splicing, and cleavage-polyadenylation (for review, see references 5, 48, and 57). The C-terminal domain is differentially phosphorylated primarily at the serine 2 and serine 5 positions, and the level of phosphorylation varies considerably during the transcription cycle (for review, see reference 39 and 55).
Briefly, hypophosphorylated-RNA polymerase II is recruited to the initiation complex. The C-terminal domain is then phosphorylated, with the phosphorylation of the serines in position 5 by cdk7/cyclin H (which is a component of the basal transcription factor complex TFIIH) mostly occurring prior to the phosphorylation of the serines in position 2 by cdk9/cyclin T (P-TEFb). The commitment of the RNA polymerase II complex to the elongation step is associated with this phosphorylation, particularly with the modification at position 2 by P-TEFb. Multiple proteins involved in 5Ј capping, elongation, and processing of the RNA are recruited to the Cterminal domain, and their pattern of binding appears to be influenced by the differential phosphorylation of serine 2 and serine 5 (and possibly by ubiquitylation, glycosylation, and phosphorylation of other residues) within the 52 repeats. The rules governing this association in uninfected cells have yet to be elucidated, and it is likely that viral infections will introduce new layers to the complexity.
In this regard, several studies have already shown that the recruitment of P-TEFb to RNA polymerase II by human immunodeficiency virus type 1 Tat and the resulting phosphorylation of the C-terminal domain are necessary for the activation of human immunodeficiency virus long terminal repeat transcription (for review, see reference 56). Human immunodeficiency virus type 1 transcription is much more sensitive than cellular transcription to low concentrations of Flavopiridol; the IC 50 for human immunodeficiency virus transcription is less than 10 nM, while significant inhibition of cellular transcription is only seen at concentrations above 100 nM (13) . In herpes simplex virus type 1-infected cells, a new intermediate form of phosphorylated RNA polymerase II has been described (32, 58) . Although preliminary, we also have evidence that there is a change in the phosphorylation of the C-terminal domain during HCMV infection, but it appears to differ from that reported for herpes simplex virus type 1.
The question of why a delay in the addition of Roscovitine and Flavopiridol until 6 to 8 h p.i. abolished the effects of the drug on IE and early RNAs is an interesting one. It is possible that by this time, transcription of the HCMV genome is localized to a nuclear domain (possibly next to a residual ND10 domain) that is inaccessible to the drug. Alternatively, once the RNA polymerase II is committed to the transcription of the viral genes, it might be able to engage in multiple rounds of transcription without having to completely disengage from the DNA and repeat all of the initiation steps. Relevant to this are recent reports showing that there are many protein-protein interactions between the factors involved in initiation at the promoter and termination of transcription, suggesting that these two processes are interconnected (for review, see reference 48).
These are only a few of the possible ways that the cyclindependent kinases might affect infection. Unfortunately, the use of inhibitors such as Roscovitine and Flavopiridol, which inhibit more than one cyclin-dependent kinase, makes it difficult to distinguish between these possibilities. There are likely many more functions for cyclin-dependent kinase activity than transcription during the course of an HCMV infection, and this is evidenced by the fact that addition of Roscovitine at later times still resulted in a decrease in viral titers. Another potential role for cyclin-dependent kinase activity during an HCMV infection is the phosphorylation of viral proteins. In a related virus, herpes simplex virus type 1, it was demonstrated that UL42 (the herpes simplex virus equivalent of UL44) bound to and was phosphorylated by cdk1 (1) . The effects that this may have on viral replication and the potential downstream targets of this kinase complex are unknown; however, the implications of these data as they pertain to HCMV infection are promising. Experiments with dominant negative cyclin-dependent kinases and the technology of small interfering RNAs coupled with analysis of the splicing machinery and of viral targets of cyclin-dependent kinase activity are in progress and aim to elucidate the role of the individual cyclin-dependent kinases during infection.
